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ABSTRACT 
 
Vernalization, the induction of flowering by low winter tem- 
peratures, is likely to be involved in plant climatic adapta- 
tion. However, the genetic, molecular and ecological bases 
underlying the quantitative variation that tunes verna- 
lization sensitivity to natural environments are largely 
unknown. To address these questions, we have studied the 
enhanced vernalization response shown by the Ll-0 acces- 
sion of Arabidopsis thaliana. Quantitative trait locus 
(QTL) mapping for several flowering initiation traits in 
relation to vernalization, in a new Ler ¥ Ll-0 recombinant 
inbred line (RIL) population, identified large effect alleles 
at FRI, FLC and HUA2, together with two small effect loci 
named as Llagostera vernalization response (LVR) 1 and 2. 
Phenotypic analyses of near isogenic lines validated LVR1 
effect on flowering vernalization responses. To further char- 
acterize the FLC allele from Ll-0, we carried out genetic 
association analyses using a regional collection of wild 
genotypes.  FLC-Ll-0  appeared as a low-frequency  allele 
that is distinguished by polymorphism Del(-57), a 50-bp- 
deletion  in the 5'-UTR. Del(-57)  was significantly associ- 
ated with enhanced vernalization responses and FLC RNA 
expression, as well as with altitude and minimum tempera- 
tures. These results are consistent with Del(-57)  acting as a 
novel cis-regulatory FLC polymorphism that may confer 
climatic adaptation by increasing vernalization sensitivity. 
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INTRODUCTION 
 
The onset of flowering is regulated by several environmen- 
tal factors that fluctuate  seasonally, such as photoperiod or 
low winter  temperature, hence  ensuring  plant  survival and 
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reproduction (Ausin,  Alonso-Blanco & Martinez-Zapater 
2005; Roux  et al. 2006; Kobayashi  & Weigel  2007). In par- 
ticular, the induction of flowering by prolonged exposure to 
low temperature is known as vernalization, and has become 
a model  response to understand the  epigenetic  regulation 
of plant development (Kim et al. 2009). In the past decade, 
genetic  studies  in  the  model  plant  Arabidopsis  thaliana 
have  begun  to elucidate the  molecular bases  of this envi- 
ronmental response (Kim  et al. 2009; De  Lucia  &  Dean 
2011). This  has  been  largely  based  in the  analysis  of the 
natural variation that exists for flowering time, enabling the 
identification  of  two  major   determinants  of  the  verna- 
lization  response, FRIGIDA  (FRI)  and  FLOWERING 
LOCUS (FLC) (Michaels  & Amasino 1999; Johanson et al. 
2000). However,  the molecular basis of the quantitative 
variation that  fine-tunes  vernalization flowering responses 
to natural environments still remains  mostly unknown. 
A. thaliana shows substantial amount  of genetic variation 
among  wild populations for the timing of flowering initia- 
tion (Lempe et al. 2005; Shindo  et al. 2005), which is partly 
involved   in   adaptation  to   the   different  environments 
covered  by its wide geographic distribution (reviewed in 
Alonso-Blanco et al. 2009; Weigel  2012). Classical  studies 
have described A. thaliana as a species with no obligate 
requirement  for  flowering   induction (Martínez-Zapater 
et al. 1994). However,  it has been  shown  that  some  acces- 
sions from high latitudes or altitudes show an obligate  ver- 
nalization requirement  (Shindo  et al. 2005; Mendez-Vigo 
et al. 2011). Furthermore, wild accessions  have been  quali- 
tatively classified in so-called winter- or summer-annuals 
depending on their  flowering behaviour under  experimen- 
tal  conditions  (Napp-Zinn 1969; Rédei  1970). Genotypes 
showing  a late  flowering  phenotype that  responds to ver- 
nalization are presumed to reflect a winter-annual habit, 
while those  showing early flowering and low vernalization 
response are interpreted as summer-annuals (Rédei 1970). 
Although this physiological classification does not reflect 
natural life cycles and growth habits (Montesinos et al. 2009; 
Wilczek et al. 2010), its Mendelian genetic analysis allowed 
the  identification  of  FRI  and  FLC   genes  (Michaels   & 
Amasino 1999; Johanson et al. 2000). 
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FLC encodes  a MADS-box transcription factor that 
represses  flowering initiation by regulating several floral 
integrator genes (Kim et al. 2009), whereas  FRI encodes  a 
protein that increases FLC expression and has no homology 
to previously  characterized genes. It has been  shown  that 
FRI is part of a complex that interacts with general transcrip- 
tion factors, chromatin modification factors and the mRNA 
cap-binding complex, suggesting that FRI participates in 
several co-transcriptional processes  associated  with FLC 
expression (Geraldo et al. 2009; Choi et al. 2011). By contrast, 
vernalization down-regulates FLC  expression  through 
histone  and chromatin modifications  that epigenetically 
maintain FLC  silencing.  It  has  been  demonstrated that 
vernalization-mediated silencing of FLC also involves 
multiple   non-coding  RNAs,   including   sense   (so-called 
COLDAIR) (Heo  & Sung 2011) and antisense  transcripts 
(so-called COOLAIR) (Swiezewski et al. 2009; De Lucia & 
Dean 2011). Sequence analyses of wild genotypes have iden- 
tified  more  than  25 FRI  truncation alleles  generated  by 
indels or non-sense mutations and  more  than  10 different 
weak or loss-of-function alleles of FLC caused by mutations 
and transposon insertions (Le Corre, Roux & Reboud 2002; 
Michaels  et al. 2003; Lempe  et al. 2005; Shindo  et al. 2005; 
Werner et al. 2005; Mendez-Vigo et al. 2011; Strange  et al. 
2011). 
Current quantitative studies of natural variation for ver- 
nalization flowering  responses have  uncovered a continu- 
ous  diversity   from  low  to  high  vernalization  sensitivity 
(Lempe et al. 2005; Stinchcombe et al. 2005; Shindo  et al. 
2006; Mendez-Vigo et al. 2011). This quantitative variation 
is presumably involved in precise adaptations to present 
climates, as suggested  by its correlations with latitude,  alti- 
tude  and  climatic factors  (Lempe et al. 2005; Stinchcombe 
et al.  2005; Mendez-Vigo  et al.  2011).  Although  a  large 
number of quantitative trait locus (QTL) mapping analyses 
have dissected  the overall variation for flowering time 
(reviewed in Alonso-Blanco et al. 2009; Salome et al. 2011), 
only  a  few  QTL  studies  have  specifically  addressed the 
genetic  bases  of quantitative vernalization responses 
(Alonso-Blanco et al. 1998; Shindo et al. 2006; Strange  et al. 
2011). These  analyses  have  detected large  effect  alleles 
around FRI, FLC  and  FT locations,  suggesting  that  addi- 
tional alleles in these genes underlie the quantitative varia- 
tion for vernalization response. However,  the nucleotide 
polymorphisms affecting the function  of these genes are 
unknown. In addition, analyses of loci interacting with FRI 
and FLC have identified large effect alleles in HUA2, FRL1 
and  FRL2  (Poduska et al. 2003; Schläppi  2006; Wang  et al. 
2007). 
In  this work,  we address  the  genetic,  molecular and 
ecological  bases of the enhanced vernalization response 
observed in  A. thaliana  wild  genotype   Llagostera  (Ll-0) 
from the Iberian Peninsula (Kranz  & Kirchheim  1987). To 
this aim, we combined QTL mapping in a new recombinant 
inbred  line (RIL) population derived  from  the  Ler ¥ Ll-0 
cross, with genetic association analyses in a regional  collec- 
tion of wild accessions (Mendez-Vigo et al. 2011). This study 
illustrates the  usefulness  of genetic  analyses  at a regional 
geographic scale to identify  and  characterize novel  alleles 
that  are ecologically relevant. 
 
 
MATERIALS AND METHODS 
Plant materials 
The wild genotype  Ll-0 obtained from NASC (N1338) and 
originally  collected  around Llagostera (Spain)  (Kranz  & 
Kirchheim  1987) and the laboratory strain Landsberg erecta 
(Ler)  derived  from  a Northern Europe accession  (Rédei 
1962) were used as parental lines to develop a population of 
139 RILs. This population was produced by single seed 
descent  (Alonso-Blanco, Koornneef &  van  Ooijen  2006) 
from a single F1(Ler ¥ Ll-0) plant obtained using Ler as the 
female  parent. A single F8  plant  from each Ler ¥ Ll-0 RIL 
was genotyped and  seeds  from  10 F9  plants  per  line were 
bulked  to obtain  the final F10 generation for phenotypic 
analyses. The population is available  through the  Notting- 
ham Arabidopsis Stock Centre (http://www.arabidopsis. 
info). 
Four   near   isogenic   lines  (NILs)   carrying   LVR1-Ll-0 
(NILs 1 and 2) or LVR1-Ler alleles (NILs 3 and 4) in Ler or 
Ll-0 background, respectively,  were developed from differ- 
ent  selected  RILs  by recurrent backcrossing during  three 
generations and  marker-assisted selection.  RILs  LLL-19 
and LLL-132 carrying LVR1-Ll-0 alleles were backcrossed 
to Ler, whereas  RILs  LLL-2  and  LLL-97  carrying  LVR1- 
Ler alleles were backcrossed to Ll-0. One plant was selected 
from an F2 population derived from each cross to obtain the 
next backcross  generation. Genetic selection  of LVR1 
genomic  region  was performed by using the closely linked 
morphological marker ERECTA  (ER) as Ll-0 carries  ER 
functional  alleles   and   Ler  bears   recessive   and   loss-of- 
function  er-1 alleles  causing  compact  morphology (Rédei 
1962). After  three  backcrosses,  one  plant  per  family  was 
selfed  and  10–15 offspring  individuals   from  each  family 
were thoroughly genotyped to select the NILs. All final lines 
were   homozygous  for   a  single   introgression  fragment 
around LVR1 except  line NIL-4 that  carries  an additional 
introgression of a chromosome 3 region where no flowering 
locus was detected in the QTL  analysis. 
 
 
Growth conditions and measurements of 
flowering traits 
 
Seeds  were  sown in Petri  dishes  containing  a filter paper 
soaked   with  demineralized  water,  and  incubated 4 d  at 
4 °C to break  seed dormancy. Thereafter, seeds were trans- 
ferred  to a growth  chamber at 21 °C with short-day (SD) 
photoperiod (8 h light:16 h darkness) for 4 d for germina- 
tion. Germinated seedlings were planted in 0.9 L pots with 
a soil : vermiculite mix at 3 : 1 proportion. For  the  vernal- 
ization  treatments, pots  were  placed  in a cold chamber at 
4 °C and  SD  photoperiod for  2, 4, 8 or  12 weeks.  Subse- 
quently,   pots  were  moved   to  an  air-conditioned  green- 
house   supplemented  with  additional  light  to  provide   a 
long-day  (LD)  photoperiod of 16 h light:8 h darkness (for 
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the evaluation of RILs and NILs), or to a growth chamber 
at  21 °C  with  a  similar  LD  photoperiod (for  expression 
analyses).  Non-vernalized plants  were  moved  directly  to 
the  same  greenhouse or  growth  chamber as  vernalized 
plants. To reduce  developmental differences between  ver- 
nalization conditions  due  to  environmental factors  other 
than  the  low temperature treatment, seeds  for non- 
vernalization were  sown  later  than  for  vernalization and 
all vernalization treatments were  finished  right  after 
planting  the non-vernalization samples. Thus, plants with 
different vernalization treatments were developmentally 
synchronized to share  the  same  environmental conditions 
during  vegetative  development. 
For evaluation of the RIL population, all RILs and parents 
were grown simultaneously in a single experiment organized 
in a two-complete-blocks design.  For  vernalization treat- 
ment,  five plants  per  RIL  were  grown  in one  pot  in each 
block, while for non-vernalization 10 plants  per  line were 
grown in two pots per block. For evaluation of NILs, all lines 
were grown simultaneously in an experiment organized in 
three-complete-blocks. Six plants per line were grown in one 
pot per block in each vernalization environment. 
For  analyses  of  RNA   expression, all  accessions  were 
grown  simultaneously in an experiment organized in two- 
complete-blocks. Fifty to one hundred seeds per genotype 
were  directly  sown on soil in a single pot  per  block. Pots 
were placed  for germination in a growth chamber at 21 °C 
and  SD photoperiod during  7 d. One  month  vernalization 
or non-vernalization treatments were then  provided as 
described previously. 
Flowering  initiation was measured as leaf number (LN 
and  VLN  for  non-vernalization and  vernalization treat- 
ments, respectively) and as days to flowering (FT and VFT 
for non-vernalization and vernalization treatments, respec- 
tively). LN and VLN were calculated as the total number of 
rosette and cauline  leaves in the main inflorescence devel- 
oped by a plant. FT and VFT were estimated as the number 
of days from the planting date of the non-vernalization 
treatment until the opening of the first flower. Vernalization 
response or sensitivity for LN and FT (SLN and SFT, 
respectively) was estimated as described by Lempe  et al. 
(2005). Briefly, SLN was calculated as [log(LN)  – 
log(VLN)]/[log(mean LN) – log(mean VLN)] with LN and 
VLN  being  the  mean  values  of each  genotype,  and  mean 
LN and mean VLN corresponding to the means of all RILs 
or parental lines. Similarly, SFT was calculated as [log(FT) – 
log(VFT)]/[log(mean FT) – log(mean VFT)]. 
 
 
Genotyping and genetic map construction 
 
DNA  was isolated  as previously  described (Bernartzky & 
Tanksley  1986) without  mercaptoethanol. RILs were geno- 
typed  with 95 markers selected  from different sources  and 
covering  98%  of A. thaliana  physical  map  (Supporting 
Information Table S1). In a first step, 58 microsatellites and 
indels  previously   reported (Bell  &  Ecker   1994; Clauss, 
Cobban & Mitchell-Olds 2002; Loudet et al. 2002; Mendez- 
Vigo et al. 2010) and 20 indels developed in this work based 
on  Ler/Col  sequence   polymorphisms (Jander  et al. 2002) 
were selected  at approximate physical intervals  of 1.5 Mb. 
Thereafter, 14 CAPS  markers were developed to fill large 
genetical  intervals  using described DNA  polymorphisms 
between  Ler and Ll-0 (Nordborg et al. 2005). New indel and 
CAPS  markers were named  according  to BAC  clones con- 
taining  the  corresponding sequences. Two additional PCR 
markers corresponding to known  indel  polymorphisms in 
FRI  (Johanson et al. 2000) and  FLC  (Michaels  et al. 2003) 
were also genotyped, as well as the ERECTA morphologi- 
cal marker segregating in the Ler/Ll-0 population. 
All markers were PCR amplified individually  and 
amplification fragments were  separated on  standard 
agarose  gels  (Konieczny   & Ausubel 1993). The  95 ¥ 139 
Ler/Ll-0   RIL   dataset  contained  an   average   of  0.14% 
missing  data  per  marker, and  the  largest  proportion  of 
missing data  corresponding to 1.4% (Supporting Informa- 
tion Table S2). 
Ler/Ll-0 linkage  map  was constructed using JOINMAP 
3.0 software package (Van Ooijen & Voorrips 2001) with the 
RI8 mapping  population type. Markers  assigned to linkage 
groups remained on the same group from LOD  values of 3 
to  7. Markers  were  arranged within  linkage  groups  using 
mapping thresholds of REC  = 0.45, LOD  = 1 and JUMP  = 5. 
Recombination frequencies were converted to genetic  dis- 
tances in cM using Kosambi’s mapping function. 
NILs were genotyped for a set of 123 polymorphic single 
nucleotide polymorphisms (SNPs)  between  Ler and  Ll-0 
using Veracode system  (Illumina) through CEGEN geno- 
typing  service  (http://www.cegen.org). SNPs were  selected 
from   different  sources   previously   described  (Nordborg 
et al. 2005; Schmid  et al. 2006; Warthmann, Fitz  & Weigel 
2007)  and  they  were  evenly  distributed throughout the 
genome  at an average  physical interval  of 1 Mb. 
 
 
QTL analyses 
 
QTL  mapping  was  carried  out  separately for  each  trait 
using  mean  RIL  values  that  were  previously   log  trans- 
formed  to improve  the  assumptions of the  analyses  (Sup- 
porting  Information Table S3). QTL  were  located  by the 
multiple-QTL-model method  (MQM) implemented in 
MapQTL v. 4.0 software  (Van Ooijen  2000) as described in 
its reference manual  (http://www.mapqtl.nl). QTL  were 
detected using  LOD  thresholds of 2.5–2.6 corresponding 
to  a  genome-wide  significance   a = 0.05  estimated  with 
MapQTL permutation test. The  additive  allele  effect  and 
the percentage of variance  explained by each QTL, as well 
as the total variance  explained by the additive  effects of all 
QTL detected for each trait, were obtained from MQM 
models. QTL  additive  allele effects correspond to half the 
differences between  the  estimated means  of the  two RIL 
genotypic  groups. 
Two-way  genetic  interactions were  tested  by two-factor 
analysis of variance (anova) and the percentage of variance 
explained  by  significant   interactions  was  estimated  by 
anova type III variance components analysis. The total vari- 
ance  explained for each  trait  by additive  plus interaction 
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effects was estimated from a general linear model including 
all significant effects from detected QTL. 
Broad  sense heritabilities (h2 ) were estimated as the 
variance   component among  RILs  derived   from  type  III 
anovas. Genotype by environment interaction was tested by 
two-factor   anova  using  genotypes (RILs)  and  environ- 
ments  (vernalization and  non-vernalization) as classifying 
factors. Statistical  tests were performed with SPSS v. 19 
package  (SPSS Inc., Chicago, IL, USA). 
 
Gene sequencing 
 
FRI and FLC coding regions were sequenced in the paren- 
tal accessions using the primers and methodology described 
in Mendez-Vigo et al. (2011). Basically, 3.5 and 5.9 kb of FRI 
and  FLC, respectively,  were  PCR  amplified  with 7 and  10 
overlapping fragments of 0.5–1 kb. PCR products were then 
sequenced using an ABI  PRISM  3700 DNA  analyzer  (PE 
Biosystems,  Foster  City, CA, USA).  DNA  sequences were 
aligned using DNASTAR v.8.0 (DNASTAR Inc., Madison, 
WI, USA)  and  alignments were  inspected and  edited  by 
hand  with  GENEDOC (Nicholas,  Nicholas  &  Deerfield 
1997). Similarly, 2.6 and 0.8 kb segments  located  upstream 
and downstream from the FLC start and stop codons, 
respectively,   were  sequenced  in  the  parents  and  in  18 
Iberian accessions previously  sequenced for FLC coding 
region (Mendez-Vigo et al. 2011). Primers used to sequence 
5′ and 3′ FLC  regions  and to genotype  Del(-57)  polymor- 
phism  are  given  in  Supporting Information Table S4. 
GenBank accession numbers of DNA  sequences generated 
in this work are JQ663601–JQ663619. 
 
RNA expression analysis 
 
Vegetative tissue of plants growing at 21 °C and LD photo- 
period   was  harvested 5 d  after  germination for  the  NV 
treatment, or 3 d after 1 month of vernalization. Total RNA 
was extracted using TRIzol  reagent according  to manufac- 
turer’s  protocol  (Invitrogen, Carlsbad, CA, USA).  For 
Northern blot  analyses,  15 to  20 mg  of RNA  per  sample 
were fractionated on a 1.4% formaldehyde-agarose gel and 
transferred to Hybond N+ membrane (Amersham Bio- 
sciences, Piscataway, NJ, USA). Hybridizations were carried 
out  at  65 °C overnight.  After  hybridization and  washing, 
membranes were exposed  to X-ray film for 1 d at -80 °C. 
The  FLC  probe   was  a  ~700 bp  EcoRI/SphI  fragment 
from pFLC  lacking the MADS-box domain  (Michaels  & 
Amasino 1999). To normalize RNA  loading  differences, 
membranes were stripped in boiling 0.1% SDS and 
rehybridized  with  a  b-TUBULIN  probe   (Snustad  et al. 
1992). Films  were  scanned,  and  intensities  of blot  signals 
were quantified with ImageJ  version 1.44 (http://www. 
rsb.info.nih.gov/ij).  For  analysis  of  FLC   expression, the 
normalized FLC intensity of each accession was divided by 
that  of Col without  vernalization. 
 
Association analyses 
 
Genetic  association  between   FLC   polymorphisms and 
flowering-related traits or FLC expression  was tested  using 
the mixed-model approach for structured populations (Yu 
et al. 2006) as described in Mendez-Vigo et al. (2011). Two 
levels of genetic relatedness were included in the model: the 
population structure (Q matrix)  and the relative  kinship (K 
matrix)  (Zhao et al. 2007). Population structure was esti- 
mated  with STRUCTURE as the Q matrix  containing  the 
membership proportions of all genotypes to five ancestral 
populations. The K matrix  was estimated as twice the pro- 
portion of shared  alleles from 101 segregating SNPs. Mixed 
models  were  applied  using the  software  TASSEL version 
3.0 (Bradbury et al. 2007). 
Association between  FLC  polymorphisms and  environ- 
mental  factors or altitude  was tested  using a similar mixed- 
model  approach (Mendez-Vigo et al. 2011). The  following 
65 climatic variables previously collected from the locations 
of Iberian populations were tested: 12 monthly  mean  tem- 
peratures and the annual  mean  temperature; 24 minimum 
and  maximum  monthly  mean  temperatures and  the 
minimum  and maximum  annual  temperatures; 12 monthly 
total  precipitations and the annual  total  precipitation; and 
12 monthly  mean  solar  radiations and  the  annual  mean 
solar radiation. 
 
 
RESULTS 
 
Flowering behaviour and vernalization 
responses of Ll-0, Ler and Col 
 
Previous  flowering  studies  using collections  of wild geno- 
types identified  Ll-0 from the Iberian Peninsula as an 
accession with enhanced response to vernalization (Shindo 
et al. 2005; Mendez-Vigo  et al. 2011). To  characterize  in 
detail this behaviour, we analysed the flowering phenotypes 
of Ll-0 and the laboratory strains Col and Ler exposed  to 0 
to  12  weeks  of  vernalization (Fig. 1  and  Table 1).  Non- 
vernalized  Ll-0 plants  flowered  on  average  20–30 d later 
and produced ~20 leaves more  during  vegetative  develop- 
ment  than  Ler and  Col. By contrast, after  4 weeks of ver- 
nalization, Ll-0 flowered at the same time as both reference 
strains but produced fewer leaves than Col (P < 0.0001). In 
addition, a very  short  vernalization treatment of 2 weeks 
resulted in  Ll-0  exhibiting  between   50 and  84%  of  the 
maximal reductions of FT and LN, respectively.  Longer 
vernalization treatments barely  accelerated flowering 
initiation in the three  accessions (Fig. 1). Vernalization sen- 
sitivities SFT and SLN were quantified for FT and LN (see 
Materials and Methods), showing that  Ll-0 is substantially 
more   sensitive   than   reference  strains   (Table  1,  Fig. 1). 
Hence,   Ll-0  behaves   as  a  late  flowering  genotype   that 
responds more  and faster  to vernalization than  laboratory 
strains. 
 
 
Flowering behaviour and vernalization 
responses of the Ler ¥ Ll-0 RIL population 
 
To determine the genetic  bases of the enhanced vernaliza- 
tion response of Ll-0, we developed a new population of 139 
RILs  derived  from a Ler ¥ Ll-0 cross. This population was 
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Figure 1. Flowering  behaviour of Ll-0, Ler and Col accessions 
in relation to vernalization. (a) Leaf number and (b) flowering 
time, after  different vernalization treatments. Data  points are 
means ! SE of 15–18 plants. (c) Representative plants  of Ll-0 
and Ler cultivated without  vernalization (NV)  or with 12 weeks 
vernalization treatment and photographed in different days after 
the vernalization treatment. Scale bar in (c) is 2 cm. 
 
 
grown without  vernalization and with 12 weeks of vernal- 
ization  treatment to estimate  LN and FT in both  environ- 
mental   conditions,   as  well  as  vernalization  sensitivities 
(Table  1 and Fig. 2). Broad sense heritabilities showed large 
amounts of genetic  variation for most  traits,  values  being 
considerably   higher    without    than    with   vernalization 
(Table  1). As shown in Fig. 2, vernalization strongly reduced 
FT and LN in most RILs. However,  the significant RIL  by 
environment interactions detected for both traits (P < 10-7) 
 
 
indicated  that RILs respond differently  to vernalization 
(Supporting Information Fig. S1). Genetic variation for ver- 
nalization response was supported by the  strong  positive 
correlation between  LN or FT and the corresponding ver- 
nalization sensitivities  (0.91 < r < 0.95; P < 10-7; Supporting 
Information Fig. S1). Thus, late-flowering  lines  responded 
more  to vernalization than  early-flowering genotypes, in 
agreement with  the  phenotypes observed in the  parental 
lines. 
 
 
Genetic map of Ler ¥ Ll-0 RIL population 
 
We developed a genetic  map including  95 markers evenly 
distributed at  an  average   distance   of  5.1 cM. This  map 
showed a total length of 455 cM, the largest genetic interval 
between   adjacent   markers  being   15.8 cM  (Fig. 3).  The 
genetic  order   of  all  markers was  similar  to  that  of  Col 
physical map (http://www.arabidopsis.org/), with the excep- 
tion  of  three   pairs  of  markers (Supporting Information 
Fig. S2a), which appeared as inverted segments. Comparison 
of physical and genetic maps indicated  that the recombina- 
tion  rate  is homogeneously distributed along  most  of the 
length  of the  five chromosomes with an average  value  of 
375 kb per  cM. However,  recombination was substantially 
lower  in all five pericentromeric regions.  In total,  the  139 
RILs  provided 1204 recombination events  on this genetic 
map, with an average of 8.7 breakpoints per line.As expected 
for the F8  generation, heterozygosity of most markers was 
below 1%, and only two markers presented a higher-than- 
expected value  of 2.9%. Only  10 markers mapping  in the 
lower  arms  of chromosomes 1, 3 and  5 showed  distortion 
from  the  expected 1 : 1 segregation of homozygous geno- 
types (P < 0.01; Supporting Information Fig. S2b). 
 
 
QTL analysis for flowering traits and 
vernalization responses in the Ler x Ll-0 
RIL population 
 
To identify the loci that determine the variation for flowering 
traits   measured  without   and   with  vernalization  in  the 
Ler ¥ Ll-0  RIL  population, we  used  these  data  for  QTL 
mapping  (Fig. 3 and Supporting Information Table S5). Six 
loci accounted for 83% of the phenotypic variance  for LN 
and FT without  vernalization, three  of them showing large 
effect   (> 10%)   and   three   other   displaying   small  effect 
(< 5%). Large-effect QTL located  on top of chromosome 4 
and  the  upper  arm of chromosome 5 overlapped with the 
well-known flowering genes FRI, FLC and HUA2, Ll-0 car- 
rying late alleles in all three regions. Sequencing of FRI, FLC 
and  HUA2 indicated  that  Ll-0 carries  the  most  common 
active FRI-H51 allele, as well as presumably functional FLC 
and HUA2 alleles (Shindo  et al. 2005; Wang et al. 2007). As 
the Ler parental line carries loss-of-function alleles that 
produce early flowering in these three genes (Johanson et al. 
2000; Michaels et al. 2003; Doyle et al. 2005), they account, at 
least partly, for the effect of those  QTL. Ll-0 carried  early 
flowering  alleles  in  the  other   three   QTL,  two  of  them 
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Table 1. Flowering-related traits of Ler, Ll-0 and the RIL  population 
 
LN  FT  VLN  VFT  SLN  SFT 
 
Ler 9.8 ! 0.9 21.8 ! 0.8 13.5 ! 1.2 20.3 ! 1.1 -0.76 0.14 
Ll-0 30.2 ! 6.0 40.2 ! 4.7 12.7 ! 1.7 16.2 ! 1.0 2.04 1.71 
Lera  8.7 ! 1.0 37.4 ! 3.5 8.9 ! 1.3 34.1 ! 4.5 -0.02 0.12 
Ll-0a  26.8 ! 4.4 67.1 ! 6.2 8.7 ! 1.2 25.7 ! 3.5 1.48 1.26 
RIL  mean  21.3 ! 11.9 57.1 ! 20.4 10.0 ! 2.1 26.5 ! 4.0 0.76 ! 0.76 0.92 ! 0.41 
Min-max RIL  mean  5.0–50.3 27.3–112.1 5.0–16.9 17.8–38.5 -0.71–2.07 -0.15–1.80 
b 0.93 0.91 0.46 0.43 ND  ND 
 
aParental lines grown in the same experiment than  the Ler ¥ Ll-0 RIL  population. 
Values are mean ! SD. 
VLN, VFT, SLN and SFT were estimated after  12 weeks of vernalization treatment. 
ND, non-determined; h2  , broad  sense heritability; RIL, recombinant inbred  line; VLN, leaf number for vernalization treatment; VFT, days to 
flowering for vernalization treatment; SLN, sensitivity  for leaf number;  SFT, sensitivity  for days to flowering. 
 
 
overlapping  with  the  previously   cloned   flowering  QTL 
CRY2  and   MAF2-MAF5  (Fig. 3).  Only   three   genomic 
regions  affected   the  same  traits  after  vernalization and 
together explained 35.5–49.1% of the variances.Two of these 
QTL overlapped with FLC and MAF2-MAF5, both regions 
showing a large relative  effect after vernalization. The third 
QTL  was detected only for VLN  and VFT, its Ll-0 allele 
accelerating flowering.Thus, a total of seven genomic regions 
affected FT and LN in both environmental conditions. 
To further characterize Ler/Ll-0 flowering QTL, we 
analysed  two-way genetic interactions (Supporting Infor- 
mation   Table S5).  Only  FRI,  FLC   and  HUA2  genomic 
regions   showed   significant   interactions  for  some   traits 
(Fig. 4).  In  particular, FRI  and  FLC  loci  interacted  for 
LN  and  FT. Lines  carrying  active  alleles  in both  regions 
showed    lower   phenotypic  value   than   expected   from 
the  additive   effects  of  both   loci,  hence   FRI  and  FLC 
displayed   a   less-than-additive  interaction  in   this   RIL 
 
 
 
 
Figure 2. Frequency distributions of flowering related traits in the Ler ¥ Ll-0 RIL  population grown with and without  vernalization. 
Arrows  and horizontal bars depict mean ! SD of parental lines. The number of RILs analysed,  the population mean, and the minimum 
and maximum  RIL  means  are indicated  inside each panel. VLN, VFT, SLN and SFT were estimated after  12 weeks of vernalization 
treatment. RIL, recombinant inbred  line; LN, leaf number;  FT, days to flowering; VLN, leaf number for vernalization treatment; VFT, days 
to flowering for vernalization treatment; SLN, sensitivity  for LN; SFT, sensitivity  for FT. 
 © 2012 Blackwell  Publishing  Ltd, Plant, Cell and Environment, 35, 1672–1684 
 
 
 
 
 
 
Figure 3. QTL  mapping  of flowering-related traits in the Ler/Ll-0 RIL  population. Bars on the top depict the genetic  map of the five 
linkage  groups. Thick horizontal lines separate groups of traits analysed: flowering initiation without  vernalization; flowering initiation 
after  12 weeks of vernalization treatment; vernalization sensitivity. Column  in the right side shows the percentage of phenotypic variance 
explained by the additive  effects of all detected QTL. For each trait, the locations  of QTL  identified  are shown as 2-LOD  support 
intervals. Position  of arrows and numbers inside boxes correspond to the highest  LOD  scores. Colours  of QTL  boxes depict different 
ranges  of QTL  explained variances  as described in the legend. Upper and lower arrows indicate  that  the additive  effect of Ll-0 alleles 
increase  or decrease, respectively,  the trait  values in comparison with Ler alleles. QTL  regions  are named  according  to cloned  flowering 
QTL  overlapping with the detected QTL; names  appear below the genetic  map in black colour  text. QTL  that  do not overlap  with 
previously  cloned  QTL  are named  in red colour  text. QTL, quantitative trait  locus; LN, leaf number;  FT, days to flowering; VLN, leaf 
number for vernalization treatment; VFT, days to flowering for vernalization treatment; SLN, sensitivity  for LN; SFT, sensitivity  for FT. 
 
population. FRI  and  HUA2 showed   similar  patterns  of 
interaction (Fig. 4). 
To determine the  genetic  bases  of the  variation for the 
vernalization response, we  compared the  effect  of  QTL 
 
 
 
 
 
Figure 4. Genetic interactions among FRI, FLC  and HUA2 
genomic  regions. (a) Interaction between  FRI and FLC  loci. 
(b) Interaction between  FRI and HUA2 loci. Each panel  shows 
the mean ! SE of Ler/Ll-0 RILs classified into four genotypic 
classes. To avoid effects derived  from the genetic  linkage  between 
FLC  and HUA2, only homozygous RILs for active HUA2-Ll-0 or 
FLC-Ll-0  alleles are included  in a and b, respectively.  Statistical 
significances of interactions are indicated  inside the panels. RIL, 
recombinant inbred  line. 
between  the two environmental conditions.  Only MAF2- 
MAF5  region  showed  similar absolute  allele effect in both 
environments, and  therefore, it did not  contribute to Ll-0 
vernalization response (Supporting Information Table S5). 
However,  the  remaining six QTL  presented three  distinct 
patterns of allelic effects  contributing to the  variation for 
vernalization responses. Firstly, Ll-0 late flowering alleles of 
large  effect  at FRI  and  HUA2 loci showed  no effect  after 
vernalization, whereas   the  lateness   caused  by  FLC-Ll-0 
alleles was strongly  reduced by this treatment (P < 0.001). 
Secondly, early flowering Ll-0 alleles at chromosome 2 QTL 
showed an effect only after vernalization. Thirdly, Ll-0 early 
flowering alleles at QTL on chromosomes 1 and 4 displayed 
an  effect  mainly  without  vernalization. Given  the  pheno- 
typic behaviour of Ll-0 and Ler, the four loci showing the 
first two patterns of QTL  effects  appeared as responsible 
for the larger vernalization response of Ll-0. In contrast, the 
two QTL  displaying  the third  pattern, which is opposite to 
the behaviour of parental accessions, likely reduced Ll-0 
vernalization responses, hence accounting for the transgres- 
sion for vernalization sensitivity observed in the RIL popu- 
lation  (Fig. 2). As the  two regions  on chromosomes 2 and 
4 did  not  overlap  with  previously  cloned  flowering  QTL 
and   they   affected   vernalization  responses,  we   named 
them  as Llagostera  vernalization response (LVR) 1 and  2, 
respectively. 
The   genetic   basis   of  the   variation  for   vernalization 
response was confirmed  by QTL mapping  of SLN and SFT 
(Fig. 3).  We   detected  a  total   of  five  genomic   regions 
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Figure 5. Flowering  behaviour of LVR1 NILs in relation to 
vernalization. (a) Flowering  time and (b) leaf number of NILs 
carrying LVR1-Ll-0 (NILs  1 and 2) or LVR1-Ler alleles (NILs  3 
and 4) in Ler or Ll-0 genetic  backgrounds, respectively.  Each 
panel shows the mean ! SE of 10–18 plants  grown without 
vernalization (NV)  or after  1, 2 and 3 months  of vernalization 
treatment (V). In each environment, phenotypic differences were 
tested  statistically  between  Ler and NILs 1 or 2, and between 
Ll-0 and NILs 3 or 4, using Student’s  t-test. Significant pair 
comparisons are indicated  with an asterisk  on the corresponding 
NIL (P < 0.01). NIL, near  isogenic line. 
 
 
explaining   76–79%  of  the  phenotypic variance   for  each 
trait. Ll-0 alleles in FRI, FLC  and HUA2 genomic  regions 
showed  strong  effect  increasing  vernalization sensitivities. 
On the contrary, regions around CRY2 and LVR2 displayed 
opposite effects  in  agreement with  QTL  results  for  LN 
and FT. 
 
 
Genetic validation of the small effect QTL LVR1 
 
In order  to confirm LVR1, we developed four independent 
NILs carrying LVR1-Ll-0 or LVR1-Ler alleles in Ler or Ll-0 
genetic backgrounds, respectively. NIL phenotypic analyses 
in  relation to  vernalization (Fig. 5)  detected three  small 
effects of LVR1 that  were in agreement with allelic effects 
estimated in the QTL analysis. Firstly, the two NILs carrying 
LVR1-Ll-0 alleles  displayed   significantly  lower  LN  than 
Ler plants  only after  3 months  of vernalization. Secondly, 
although these two lines flowered later than Ler when they 
were   not   vernalized,  both   NILs   showed   increased  FT 
 
 
response to vernalization than  Ler, as estimated from  the 
slopes  of  regression   lines  between   FT  and  vernalization 
time (Fig. 5a). Thirdly, the two NILs with LVR1-Ler alleles 
showed higher LN than Ll-0 when grown without vernal- 
ization and after several vernalization treatments. Together, 
these  results  validated   LVR-1 as  a  small  effect  QTL  at 
which Ll-0 alleles accelerate flowering mainly after vernal- 
ization and, consequently, increase  vernalization responses. 
 
 
Molecular, physiological and climatic 
characterization of FLC-Ll-0 allele 
 
To determine the type of FLC allele present in Ll-0, we 
sequenced FLC  coding region  and compared it with avail- 
able sequences. FLC-Ll-0  was identical  to a moderate fre- 
quency  haplotype previously  found  in a collection  of 182 
populations from the Iberian Peninsula,  and referred to as 
Indel-1075  (Mendez-Vigo et al. 2011). This  is an  Iberian- 
specific haplotype that belongs to the major FLC-A haplo- 
group (Caicedo et al. 2004) but differs from all other Iberian 
FLC  alleles  in two intronic  polymorphisms showing  com- 
plete  linkage  disequilibrium (Fig. 6a). 
To  further characterize FLC-Ll-0  allele,  we sequenced 
2.6 kb of its promoter and 5′-UTR region, as well as 0.8 kb 
of  the  3′-UTR, in  Ll-0  and  other   18 Iberian accessions. 
FLC-Ll-0  was characterized by a specific 50-bp-deletion, 
named  as Del(-57),  which is located  57 bp upstream from 
the start codon and that spans the first half of FLC 5′-UTR 
(Fig. 6a). Genotyping of Del(-57)  in the  182 accessions  of 
the Iberian collection detected Ll-0 allele only in 7 out of 14 
accessions  with haplotype Indel-1075. Analysis  of the geo- 
graphic distribution of FLC alleles shows that haplotype 
Indel-1075 occurs in a wide area  of 350 ¥ 120 km in north- 
eastern (NE)   Spain  (Fig. 6b).  However,   FLC-Ll-0   allele 
displayed  stronger  geographic structure as it was just found 
in a smaller area of 40 ¥ 35 km in the eastern part of Indel- 
1075 domain. The average  proportion of allelic differences 
(genetic  distance) among pairs of accessions carrying FLC- 
Ll-0 allele  was 0.23 ! 0.05, as estimated from  a set of 101 
genome-wide SNP markers previously  genotyped in this 
collection.  This  value  was  only  slightly  lower  than   the 
average distance observed among all 182 Iberian genotypes 
(0.26 ! 0.05), indicating  that  accessions  carrying  FLC-Ll-0 
are genetically  differentiated throughout their genome. 
Therefore, FLC-Ll-0  allele  probably originated from  hap- 
lotype  Indel-1075  in NE  Spain  and, after  outcrossing and 
recombination, it was expanded over a limited  geographic 
area where it is currently present at high relative  frequency 
(>25%). 
Genetic association analyses  using the  Iberian regional 
collection  of  local  populations had  previously  suggested 
that   FLC   Indel-1075   contributes  to   the   variation  for 
several flowering traits, including vernalization sensitivity 
(Mendez-Vigo et al. 2011). Similar  analyses  with  Del(-57) 
(see Table 2 and Materials and Methods) showed significant 
associations,  FLC-Ll-0   allele  accelerating flowering  only 
after  vernalization and, consequently, increasing  vernaliza- 
tion sensitivity. As Del(-57) explained larger or comparable 
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amounts of phenotypic variances  than Indel-1075, this 
appears as the most likely mutation affecting FLC function, 
whereas flowering associations of Indel-1075 are probably 
consequence of the partial  linkage  disequilibrium between 
both  polymorphisms. 
Because   Del(-57)   does  not  affect  FLC  protein  struc- 
ture but it involves a non-coding genomic sequence,  we 
hypothesized  that   this   polymorphism  might   affect   the 
 
 
 
Figure 6. Geographic distribution and gene expression  of FLC 
Iberian alleles. (a) FLC  genomic  structure showing Ll-0 specific 
polymorphisms. Names and sizes of polymorphisms are shown 
above  and below the gene, respectively.  (b) Geographic 
distribution of the three  FLC  haplotypes detected according  to 
Ll-0 specific polymorphisms. (c) Northern analysis of FLC 
expression  without  vernalization (FLC-NV) and after  1 month  of 
vernalization (FLC-V) treatment, in 11 representative Iberian 
accessions  differing in Del(-57)  and in the control  laboratory 
strains  Col and Ler. The latter  is characterized by a strong 
reduction of FLC  expression  caused by a transposable element 
insertion undetected in the Iberian Peninsula (Michaels  et al. 
2003; Mendez-Vigo et al. 2011). (d) Quantification of FLC-NV 
and FLC-V  expressions,  and FLC  vernalization response 
(measured as the FLC-NV/FLC-V ratio)  in the three  FLC 
haplotypes. Bars correspond to mean ! SE of 6 to 13 accessions 
per haplotype. FLC  expression  in each accession was normalized 
with b-TUBULIN (TUB) abundance and relativized  to Col 
FLC-NV expression. Asterisks  in panel  (c) indicate  Col NV 
control  samples included  in each blot. 
 
 
cis-regulation of FLC  expression. To test this, we analysed 
FLC expression  and its response to vernalization in a set of 
27 Iberian accessions and the laboratory strains Ler and Col 
(Fig. 6 and  Supporting Information Fig. S3). These  acces- 
sions included all 14 genotypes with Ll-0 alelles in Del(-57) 
and/or Indel 1075, as well as 13 accessions with the common 
non-Ll-0  allele  in both  polymorphisms and  distributed in 
the  same  NE  Iberian subregion.  Accessions  carrying  the 
three  haplotypes defined  by Del(-57)  and Indel-1075 poly- 
morphisms showed similar high FLC expression  in non- 
vernalized   plants  (Fig. 6).  In  contrast, after  1  month   of 
vernalization, accessions  carrying  the  FLC-Ll-0  haplotype 
showed   fourfold   lower  FLC  expression   than  accessions 
with the non-Ll-0 allele in Del(-57)  (P < 0.004), which indi- 
cates that Ll-0 carries an FLC allele that responds substan- 
tially  more   to  vernalization. To  test  if  this  higher   Ll-0 
response is determined by FLC polymorphisms, we also 
carried   out  genetic  association analyses  with  expression 
data but taking into account  the genetic relatedness among 
genotypes (Table  2). Despite the small sample size, Del(-57) 
appeared marginally  associated  with FLC  expression  after 
vernalization and with FLC response; this polymorphism 
accounted for ~13% of the variation for each trait. On the 
contrary,  Indel-1075  did not show any significant effect on 
FLC expression. Therefore, Ll-0 carries a hyper-responsive 
FLC  allele whose functional alteration is probably caused 
by Del(-57). 
To evaluate  if FLC-Ll-0 allele is involved in adaptation to 
particular environmental conditions, we carried out associa- 
tion analyses between  FLC polymorphisms and altitude  or 
the  climatic conditions  of the  local populations where  the 
accessions  were collected  (Table 2). Indel-1075 was not 
associated  with any of these variables  (P > 0.01). However, 
Del(-57)   was  significantly  associated   with  altitude,   with 
FLC-Ll-0 accessions occurring  at an average altitude  425 m 
lower  than  the  rest  of Iberian populations. Furthermore, 
Del(-57)   was  significantly   associated   with   annual   and 
autumn     minimum    temperatures   (Table  2),   FLC-Ll-0 
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Table 2. Association analyses  between  FLC  and flowering-related traits or environmental factors 
 
Polymorphism Gene  location N MAF  (%) Associated variables P R2  (%) 
Indel-1075 First intron 182 7.7 VLN, SLN, VFT 7.0 ¥ 10-4–0.002 5.7–4.9 
  182 7.7 Altitude ns – 
  182 7.7 Annual and autumn  minimum  temp ns – 
  26 50.0 FLC-V, FLC-NV/FLC-V ns – 
Del(-57) 5′-UTR 182 3.8 VLN, SLN, VFT 1.0 ¥ 10-4–0.007 7.5–3.6 
  182 3.8 Altitude 4.6 ¥ 10-3 4.1 
  182 3.8 Annual and autumn  minimum  temp 2.7 ¥ 10-3–6.3 ¥ 10-3 4.2–3.4 
  26 26.9 FLC-V, FLC-NV/FLC-V 0.06–0.08 12–14 
 
Table includes the statistical significance and R2  of significant associations  (P < 0.001) detected for FLC polymorphisms and phenotypic traits, 
FLC  expression  (FLC-V and FLC-NV/FLC-V), altitude  or climatic factors. Polymorphisms are named  according  to type of mutation and 
nucleotide position; the first coding nucleotide corresponds to position  1. 
MAF,  minor  allele  frequency;  VLN,  leaf  number for  vernalization treatment; VFT,  days  to  flowering  for  vernalization treatment; SLN, 
sensitivity  for leaf number;  ns, not significant. 
 
 
appearing in locations  with higher  minimum  temperatures 
than the remaining FLC alleles. As the two ecological vari- 
ables  associated  with  FLC  are  highly correlated, we con- 
cluded that minimum  temperature is the climatic factor 
determining the altitudinal association of FLC. 
 
 
DISCUSSION 
 
The enhanced vernalization response of Ll-0 is 
determined by large and small effect loci 
 
Current studies  of the quantitative variation for vernaliza- 
tion response in A. thaliana have been  based  in accessions 
showing extremely late or early flowering when plants  are 
not vernalized  and weak to strong  vernalization responses 
(Alonso-Blanco et al. 1998; Shindo et al. 2006; Strange  et al. 
2011). Ll-0 displayed  a different flowering phenotype char- 
acterized by a moderate late  flowering  of non-vernalized 
plants and a very rapid response to short periods  of vernal- 
ization, thus extending the responses that have been geneti- 
cally   dissected.   QTL   mapping   in   the   Ler ¥ Ll-0   RIL 
population indicates  that  the  enhanced Ll-0 vernalization 
response is largely  determined by major  effect  alleles  at 
FRI, FLC  and  HUA2, in agreement with previous  studies 
(Shindo et al. 2006; Salome et al. 2011; Strange et al. 2011). In 
addition, we  detected two  small  effect  QTL,  LVR1  and 
LVR2, that have not been previously  involved in vernaliza- 
tion sensitivity, the effect of LVR1 to increase  Ll-0 vernal- 
ization  response being validated  by NIL analyses. The low 
number of small effect loci found  in this work is in accor- 
dance  with  recent  studies  emphasizing that  few loci with 
large effect alleles account  for most variation for flowering 
time  and  vernalization sensitivity  in  A. thaliana  (Brachi 
et al. 2010; Salome et al. 2011; Strange et al. 2011). However, 
the statistical power to detect small effect QTL in current 
mapping populations is rather limited, due not only to their 
minor  effect, but also because  large effect loci might mask 
their  detection (Keurentjes et al. 2007). Additional studies 
using different mapping strategies, such as genome-wide 
association mapping  (Atwell  et al. 2010; Li et al. 2010) or 
whole genome NIL populations (Keurentjes et al. 2007), are 
required to estimate  the overall contribution of small versus 
large effect loci to A. thaliana adaptations by genetic modi- 
fications of vernalization sensitivity  (Orr  2005). 
 
The vernalization hyper-responsive FLC-Ll-0 
allele is characterized by a regulatory 
5'-UTR deletion likely involved in local 
climatic adaptation 
 
Sequencing and expression analyses carried out in this work 
showed that Ll-0 bears an Iberian-specific FLC allele that is 
hyper-responsive to vernalization, its phenotypic effects 
suggesting  that  this is not a loss-of-function but a change- 
of-function allele. Genetic association results support  that a 
50-bp-deletion in the 5′-UTR of this allele is the nucleotide 
polymorphism causing  more  rapid  vernalization-mediated 
down-regulation of FLC  expression  and, subsequently, the 
stronger   Ll-0  vernalization  sensitivity.  Nevertheless, the 
causal  polymorphism might  only be in linkage  disequilib- 
rium  with  this  FLC  deletion. Previous  comparative QTL 
mapping  and  association analyses  indicate  that  a series  of 
FLC alleles with different effects on gene function  contrib- 
ute to flowering variation (Shindo  et al. 2006; Mendez-Vigo 
et al. 2011; Salome   et al. 2011). This  study  provides   the 
first natural FLC polymorphism that might affect the 
vernalization-mediated cis-regulation of FLC, although 
further studies are needed to conclusively demonstrate the 
effects and mechanisms  of Del(-57)  polymorphism. 
Analyses of artificially induced deletions have previously 
identified  FLC  segments  in the  promoter and  first intron 
that are required for its silencing by vernalization (Sheldon 
et al. 2002; He,  Doyle  & Amasino 2004; Sung  et al. 2006). 
However, no DNA motif has been found that negatively 
regulates FLC  repression and silencing, and Del(-57)  sug- 
gesting the presence of such cis-element within the deleted 
sequence.  We  hypothesize that  FLC-Ll-0  deletion  might 
limit FRI-mediated activation of FLC during vernalization, 
as  supported  by  several   results.   Firstly,  FRI   has  been 
recently  shown to interact  with the 5′-cap-binding complex 
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that  is bound  to the first nucleotides of mRNAs (Geraldo 
et al.  2009).  Secondly,  the  absence   of  FRI  QTL   in  the 
Ler ¥ Ll-0 RIL  population after  vernalization, but  not  in 
non-vernalized plants, indicates  a vernalization-dependent- 
suppression of FRI effects. This mechanism might also 
explain  the  less-than-additive genetic  interaction detected 
between  FRI  and  FLC  in the  Ler ¥ Ll-0 RIL  population 
grown without  vernalization, which contrasts with the syn- 
ergistic interaction described in previous studies comparing 
Ler loss-of-function alleles and active alleles from other 
accessions  (Koornneef et al. 1994; Lee et al. 1994; Poduska 
et al. 2003). As Ll-0 carries  the  most  common  active  FRI- 
H51  allele  (Shindo  et al. 2005; this  work),  this  particular 
interaction is likely to be determined by FLC-Ll-0,  prob- 
ably through certain  Del(-57) effect on FLC activation also 
without  vernalization. 
Environmental analyses indicate  that FLC-Ll-0 is associ- 
ated with high minimum temperatures characteristic of low 
altitude  locations,  suggesting  that  the  increased vernaliza- 
tion response associated  with this allele is involved in adap- 
tation to the warm climate of the Mediterranean coast. 
However,   as  the   strongest  association  was  found   with 
autumn  minimum  temperature, it is possible  that  this cli- 
matic factor determines the spatial pattern of FLC-Ll-0  via 
pleiotropic effects on temperature-dependent germination 
(Chiang  et al. 2009). The role of this allele in climatic adap- 
tation  is further supported by its temporal permanence in 
this region, because  we collected  FLC-Ll-0  ~50 years after 
Laibach’s original Mediterranean samplings  (Kranz  & 
Kirchheim  1987). This climatic association is also in agree- 
ment  with previous  correlations found  between  vernaliza- 
tion sensitivity (SLN) and latitude, altitude or minimum 
temperature (Lempe et al. 2005; Stinchcombe et al. 2005; 
Mendez-Vigo  et al.  2011),  which  suggest  that   FLC-Ll-0 
allele  contributes  to  described  geographic  and  climatic 
clines. In addition, FLC-Ll-0 appeared distributed only in a 
small geographic area,  further suggesting  that  it might  be 
involved  in adaptation to  a particular local  environment. 
Alternatively, we cannot  discard  that  the  restricted distri- 
bution  of FLC-Ll-0  may be a consequence of its limited 
demographic expansion. 
Most alleles identified  as involved  in A. thaliana natural 
variation for  flowering  traits  appear as rare  or  unique  in 
global  collections  of wild genotypes (reviewed in Alonso- 
Blanco et al. 2009; Salome  et al. 2011). This is in agreement 
with the low frequency of most A. thaliana nucleotide poly- 
morphisms and the strong geographic structure of such low 
frequency alleles (Nordborg et al. 2005; Mendez-Vigo et al. 
2011). It can then be expected that alleles affecting adaptive 
traits  will often  show moderate frequency only at a subre- 
gional or local geographic level. Therefore, these alleles will 
be amenable for genetic and environmental associations 
mainly  in  dense  regional   collections   but  not  in  current 
global studies. The analysis of FLC-Ll-0 in the Iberian Pen- 
insula illustrates the usefulness  of such regional  collections 
to reveal ecologically relevant alleles. However,  demon- 
strating  the ecological significance of these genetic variants 
awaits  further studies  under   natural conditions,   such  as 
field-based  QTL  mapping  analyses  (Brachi  et al. 2010) or 
long-term genetic studies of wild populations (Gomaa et al. 
2011). It can be expected that such analyses will eventually 
reveal  the  genetic  and  molecular bases  underlying plant 
adaptation  by  fine-tuning   vernalization responses to 
current and future  climates. 
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